Transfection of an activated ras oncogene into NIH3T3 fibroblasts leads to transformation and induction of a metastatic phenotype. To identify genes whose activation might mediate these processes, we used a differential screening strategy. A 1.5-kb transcript is induced fiftyfold, constitutes 1% of ras transformed cell messenger RNA (mRNA) and is the most abundantly induced message in these cells. Our sequence data shows that it encodes murine cathepsin L, a potent collagenolytic and elastinolytic lysosomal enzyme. The murine clone was used to isolate human cathepsin L complementary DNA (cDNA) clones. The complete nucleotide and deduced amino acid sequences of human and murine preprocathepsin L are presented and compared to other papain family cysteine proteinases. Northern analysis shows that both human and murine cathepsin L probes hybridize to a 1.5-kb transcript in several tissues, but also to a 4-kb transcript in human kidney. These clones will facilitate studies of the structure, expression, and function of cathepsin L, including its unexpected upregulation in transformation.
Introduction
Differential screening methodology has seen limited but increasing application to cancer biology (1, 2) . For (4) .
We applied differential screening to a cDNA library made from Ha-ras (activated) transformed NIH 3T3 fibroblasts to identify genes that show altered levels of mRNA relative to nontransformed cells. Our choice of the ras system was based on two considerations: (a) there is substantial work relating tumorigenicity and metastatic potential to the level of ras expression (5-9); (b) ras expression occurs in several human malignancies (prostate, colon, breast, leukemic cell lines (10) (11) (12) . It was our expectation that some of the cDNAs isolated using the NIH3T3-ras model system would encode products that might play a role not only in tumorigenesis but also in tumor progression, an area of clinical importance in which only limited advances have been made at the molecular level. We also hypothesized that expression of one or more ras-induced transcripts might correlate with metastatic potential in human cancers where ras is thought to play a causal role.
In this paper we report on the most abundant transcript induced by ras transformation. It predicts a protein of 334 amino acids with marked similarity to the papain cysteine proteinase superfamily (13) . This murine sequence has also recently been reported as an activated mouse macrophage cysteine proteinase by Portnoy et al. (14) , who, along with Mason et al. (15) , suggested that it could be identical to the major excreted protein (MEP)' of transformed murine fibroblasts and to cathepsin L. The definitive identification of this sequence as murine cathepsin L was established by isolation and sequencing of the corresponding clone from a human kidney cDNA library. Partial sequencing of the human clone (16) predicted the partial amino acid sequence ofhuman cathepsin L (HCL) recently reported by Mason et al. (15) . (Amino acid sequence for the murine cathepsin L is not available. ) Cathepsin L is a lysosomal cysteine proteinase with a major role in intracellular protein catabolism (17, 18) . Cathepsin L also shows the most potent collagenolytic and elastinolytic activity in vitro ofany ofthe cathepsins (19, 20) . Most recently human cathepsin L has been shown to proteolytically inactivate alpha-1 protease inhibitor, a major controlling element of human neutrophil elastase activity in vivo (21) . Cathepsin L has been implicated in pathological processes including myofibril necrosis in myopathies (22) and in myocardial ischemia (23) , and in the renal tubular response to proteinuria (24) .
We also show the first complete nucleotide and predicted amino acid sequence for human preprocathepsin L, compare our human and murine sequences with those of other cysteine proteinases, provide the first demonstration of cathepsin L mRNA in a human tumor, and show evidence for a higher molecular weight human kidney transcript.
Methods
Cell culture. NIH3T3 mouse fibroblasts were kindly provided by S. Schwartz, and Kirsten ras transformed cells by Robert Bassin. All cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Gibco Laboratories, Grand Island, NY) with 10% fetal calf serum at 37°C in a humidified incubator containing 5% CO2. Cells were routinely subcultured when they achieved 30-50% confluence so as to decrease the occurrence of spontaneous transformants.
Enzymes and reagents. Eco (27) . Poly (A)' RNA was selected by oligo (dT)-cellulose chromatography (28) . A lambda gtlO cDNA library was constructed (29) from 2 ug of poly (A)' RNA resulting in -5 X lIO recombinant phage with average insert size of -700 bp. A human kidney cDNA library in lambda gtlO was kindly provided by Dr. G. Bell, Department of Biochemistry, University of Chicago.
Differential screening of cDNA library. 32P-labeled cDNA probes were prepared from poly (A)' RNA as described (30) except that 100 MCi of [32P]dCTP (> 3,000 Ci/mmol), 0.02 mM cold dCTP and 2-5 yg of poly (A)' RNA was used in each reaction. The mean size of the reverse transcribed probes as assessed by agarose gel electrophoresis and subsequent autoradiography was about 700 bases. Replica filter lifts (GeneScreenPlus; Dupont-New England Nuclear, Boston, MA) were prepared essentially as described by Benton and Davis (31) and -3 X 106 cpm of 32P-cDNA was used per 90 mm diam filter. Hybridizations were carried out at 65°C in 1% SDS, 10% dextran sulfate, and I M NaCl as described in the GeneScreen protocol for a period of 16 h. The filters were washed twice for 20 min each time, first at room temperature in 2X SSC then at 65°C in 2X SSC, 1% SDS (low stringency wash), and finally at 65°C in 0.2X SSC (for high stringency wash). Exposure was for 18 h at -70°C with an intensifying screen.
Nucleic acid methods. Phage particles were prepared by the plate lysate method and phage DNA was purified by CsCl equilibrium centrifugation (32) . Plasmid DNA was isolated by the Triton-lysozyme lysis method followed by ethidium bromide/CsCl equilibrium centrifugation (32) . Enzyme reactions were carried out as suggested by the suppliers.
[32P]dCTP labeled probes were made either by nick translation (33) or by random hexamer priming (34) using a Pharmacia kit. All Northern blots were annealed to radioactively labeled probe and washed as described in the previous paragraph.
DNA sequencing. The dideoxynucleotide chain termination method (35, 36) with M13 vectors mplO, mpl 1, mpl8, and mpl9 was used for the cDNA sequencing. Both strands of the insert of clone pRIT-1.2 and of the insert of clone pHCL-12.1 were fully sequenced, with the exception of 71 bp of 5'-untranslated and 74 bp of 3' untranslated sequence in pHCL-12.1 that were only sequenced in a single direction (Fig. 2 B) . DNA 
Results
Isolation of ras-induced cDNA clones. After transfection of NIH3T3 cells with the activated c-Ha-ras oncogene, two clones, designated a-H-ras-1 and a-Ha-ras-2, showed the highest level ofras mRNA expression. These two cell lines also had the most spindle-shaped refractile appearance, grew most rapidly and were least adherent to the tissue culture dishes. Since the level of ras message might correlate with the invasive and metastatic behavior of these cells (5-9), we felt that use of the two clones with most abundant ras expression would lead to the identification of the largest number of ras regulated transcripts in a differential screening analysis. To decrease the incidence of false positives arising from alterations in gene expression due to passage in cell culture or due to insertional mutagenesis or DNA rearrangements secondary to the calcium phosphate method we constructed the cDNA library with RNA isolated from a-Ha-ras-l cells and screened it differentially with cDNA from a-Ha-ras-2 cells and with cDNA from nontransformed NMH3T3 fibroblasts.
2,000 plaques screened in this manner led to the identification of 19 clones for which the hybridization signal was more intense with the probe from a-Ha-ras-l than with the probe from the nontransformed cells. Sibship analysis revealed that 17 of the 19 clones cross-hybridized. These 17 were considered to represent a single cDNA designated RIT-1 (ras induced transcript-1). The longest RIT-1 insert, 800 base pairs, was subcloned into pBR322 and designated pRIT-1.1.
Northern analysis of mRNA size. To confirm that the mRNA corresponding to RIT-l is markedly up-regulated in ras transformed fibroblasts, and to determine the size(s) of the mRNA, Northern blot analysis was performed on total RNA from exponentially growing ras-transformed 3T3 cells (a-Haras-1 and -2), contact inhibited resting nontransformed 3T3 cells, and exponentially growing 3T3 cells. Fig. 1 A (3 h exposure) shows a band at 1.5 kb and shows that the RIT-1 transcript is induced -50-fold (as measured by laser densitometry) relative to the nontransformed cells. Fig. 1 B shows the same lanes after a 3-d exposure, permitting better visualization of the band in the nontransformed cells. The RIT-I mRNA is also highly induced in a Kirsten ras transformed cell line (37) (data not shown).
Since the Northern analysis indicated a transcript size of 1.5 kb, we used pRIT-l.l to screen a mouse Ltk-lambda gtlO cDNA library constructed previously (38) . Several positively hybridizing clones were plaque purified. One of them, pRIT-1.2, had a 1.36-kb insert. The Bgl II-Hind III fragment containing this insert was subcloned into pUCl9 and then sequenced in M13. This clone was shown by us to encode murine cathepsin L (MCL) (16) . Later in this paper we show that it contains the entire coding region for the precursor form of this enzyme.
Restriction map and sequence strategyfor MCL. A restriction map of the cDNA insert of pRIT 1.2 and the sequencing strategy is shown in Fig. 2 A. All restriction fragments were subcloned into Ml 3mplO and Ml 3mpl 1. The nucleotide sequence of this insert is shown in Fig. 3 .
Isolation ofcDNA clones for HCL. Plasmid pRIT 1.1 was used to screen a human kidney cDNA library. Hybridization was at low stringency. Of 20,000 clones screened, 5 were positive. All five clones contained an -800 bp Eco RI fragment that hybridized at high-stringency to the 800 bp Eco RI fragment from the murine coding region. The longest insert, found in clone SL12. 1, was -4,000 bp. The 800-bp Eco RI fragment from SL12.1 was subcloned into pUC 13 and designated pHCL-800. 1.
Northern analysis ofHCL mRNA. pHCL-800.1 was used to probe Northern blots containing total RNA from several human tissues, as shown in Fig. 1 Cand D. A single band at 1.5 kb is detected in PHA-activated human peripheral blood lymphocytes, also in a moderately well differentiated adenocarcinoma of the breast with minimal inflammation, and in RNA from a rejected human kidney transplant. The kidney tissue was processed after delay for surgical pathology examination, which showed hypertensive vascular disease but no evidence of inflammation. There is also a partially degraded but intense band at -4 kb. It is not known if this represents alternative splicing, or a transcript from a homologous gene. Its strong intensity and absence in other tissues suggests that it is not a prespliced precursor. The presence of a larger transcript is consistent with the fact that clone SL12. 1, itself derived from kidney, is shown by sequencing to code for cathepsin L, and has an insert size of 4,000 bases. 257 nucleotides of coding sequence, entirely from the pre-and proregions occur within a 1,600-bp Eco RI fragment (see Fig. 2 B) . Lane 2 in Fig. 1 D contains total RNA from the PBL of a patient with monocytic leukemia that evolved from a myelodysplastic syndrome. Although the amount of RNA loaded, 11 sg, was intermediate between that loaded for breast and for kidney, and did not appear degraded as assessed by EtBr staining, no band is seen. This result was not unexpected since MCL appears to be highly expressed in only some macrophage/monocyte systems (14) .
Restriction map and sequence strategy for human cDNA. Restriction mapping showed that SL 12.1 has an -1,600 bp Eco RI fragment immediately 5' to the 800-bp fragment, as well as an 1,300-bp Eco RI fragment 5' to the 1,600 bp piece (and forming the 5' terminus of SL12. 1). Two smaller Eco RI fragments are present at the 3' terminus, analogous to the map for MCL. The restriction map and sequencing strategy are shown in Fig. 2 B. The sequencing strategy used both restriction fragment subcloning and the use of synthetic oligonucleotide primers. The nucleotide sequence is shown in Fig. 3 .
Nucleotide and amino acid sequence analysis with comparison of murine and human clones. Examination of both nucleotide sequences shows that in each case the reading frame shown is the only one without multiple termination codons. In each the initiator codon represents the most 5' of all in frame methionines, and is preceded by a termination codon located one codon upstream. These initiator codons are the only ones surrounded by a sequence in partial agreement with the Kozak consensus sequence for initiation of translation (ACCATGG) (39) . Neither sequence shows a poly A tail; however they both show a consensus sequence for a polyadenylation signal (40) .
There is 76% identity at the nucleotide level, which is almost entirely confined to the coding and 3' noncoding region.
The complete deduced amino acid sequences for MCL and HCL are shown in Fig. 4 (15) and establishes that his group has sequenced the entire light chain.
Both murine and human predicted amino acid sequences show similar organization. Each begins with a 17 amino acid long hydrophobic sequence that ends in Ala-X-Ala, a proposed consensus cleavage site for signal peptides (41) . These are typical features of a "signal" sequence involved in targetting the newly synthesized protein to the endoplasmic reticulum. In HCL the proposed leader sequence is followed by a 96 amino acid propeptide, absent from the heavy chain in the mature protein, as shown by the sequence data of Mason et al. (15) . Murine cathepsin L has been shown to undergo processing, reflected in abrupt decreases in size of the protein; however, the amino acid sequence is not available to verify the predicted analogous cleavage sites.
Mason et al. have shown that mature functional HCL is composed of a heavy chain and a light chain, derived from a single chain precursor (15) . We cannot rule out the possibility that several amino acids are split off the carboxy terminal of the heavy chain; however, the site of interchain cleavage must occur after the His-276 (corresponding to His-159 in papain) active site, setting a limit on the extent of cleavage. Purification of human cathepsin L, has required acid activation (20) that could result in artificial generation of two chains; how- Fig. 5 . Papain is used as the prototype (and for numbering), gaps are inserted in papain as well as other members to maximize identity. This multiple sequence alignment is an elaboration ofthat presented by Takio et al. for rat cathepsins B and H (42) . Conservative changes of amino acids are also noted. The regions under comparison include most of the mature protein for each enzyme, but not the leader or propeptide pieces since these have no counterpart in papain. A pairwise application of the protein alignment program of MicroGenie (Beckman Instruments, Inc.), again, applied only to the mature proteins, and counting only matches of identical amino acids, was also performed. MCL and HCL show 26-28% identity with the murine and human B cathepsins (43) , 40-42% identity with papain, and 45-46% identity with rat cathepsin H (42) .
The three-dimensional structure of papain has been determined (44) . Cys-25 and His-159 (numbering based on papain) are the active sites. The cysteine proteinases show near identity in an 11 amino acid sequence centered on Cys-25, less conservation around the His-159. Other amino acids have been implicated in determining substrate preferences, typically those that can contact substrate side chains or help determine the size ofthe "pocket" into which the substrate fits. For example, Ser-205 is near the opening of the pocket. In cathepsin B it is replaced by Glu. This substitution has been proposed by Barrett and Kirschke (45) as the reason cathepsin B can bind both Z-Phe-Arg and Z-Arg-Arg comparably. This hypothesis is consistent with the presence of Ala-205 in both HCL and MCL, which could limit interaction with the second basic sidegroup and explain the marked preference of cathepsin L for Z-Phe-Arg over Z-Arg-Arg.
Discussion
This report presents the complete nucleotide sequences and the corresponding deduced amino acid sequences for human and murine preprocathepsin L. The murine sequence is nearly 
130 tially growing nontransformed fibroblasts or several tumor cell lines. It could still be critical to transformation by ras. Cathepsin L might be required to perform a specific proteolytic function, such as has been mentioned with alpha-one protease inhibitor (21) , distinct from its role in "general" protein catabolism. Alternatively, some change induced by ras might fortuitously result in increased synthesis and/or accumulation of cathepsin L, perhaps by interrupting a negative feedback loop. "Ras" or a "ras"-like protein has recently been implicated in the control ofexocytosis (57) . Rat cathepsins D and C have been shown to be present in exocytic coated vesicles in nontransformed liver cells (58) . Similar studies have not yet been done for cathepsin L or for the other cathepsins in transformed cells. Another broad set of explanations involve alterations in protein sorting. Glycosylation abnormalities, which have been extensively described for the cell surface in malignancy (59), could alter sorting of cathepsin L, resulting in increased secretion and altered intracellular distribution. An alteration in glycosylation, affecting a specific protein, has been described for uteroferrin, a lysosomal enzyme, which has a "covered" mannose-6-phosphate and results in constitutive secretion (60). An altered transferase in I cell disease prevents expression of the mannose-6 phosphate marker and results in massive secretion of many lysosomal constitutents (61) . Some cells, such as J774.2, appear to lack a properly functioning mannose 6 phosphate receptor (215 kD receptor), again resulting in marked secretion of multiple lysosomal species (62) . Finally, if increased transcription/translation of cathepsin L is the primary event, the quantity of cathepsin L synthesis might overwhelm the normal sorting mechanism. Examination of the level of extracellular secretion ofother lysosomal enzymes, and other studies are under way to distinguish among these possibilities.
Whether or not cathepsin L is essential to ras transformation, as a protease with potent collagenolytic and elastinolytic activity it could play a role in local invasion or metastasis. The role of cathepsin L in tumor progression has not been explicitly studied. Studies ofmetastasis using inhibitors for the "thiol proteinases" are not straightforward. Extracellular activity presumably requires an acidic pH. Such a pH can occur at several sites (reviewed by Weiss [63] ). Release of lysosomes or translocation of proton ATPases to the cell surface (64) could transiently provide a locally favorable pH at any site. We have used RNA from a series of transformed rat fibroblasts described by Pozzatti et al. (65) to assay for cathepsin L mRNA expression. The c-Ha-ras-transformed lines are highly metastatic in nude mice, and c-Ha-ras +Ela (adenovirus type 2) double transformants are not metastatic. These lines express similar levels of ras mRNA but, interestingly, the level of murine cathepsin L mRNA correlates sharply with their metastatic potential (data not shown). These studies are consistent with an extracellular role for this enzyme.
The cathepsin L cDNA clones generated in this work will prove useful in the study of the structure, processing, expression, and function of this lysosomal enzyme and its possible role in malignancy.
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